A sample of 30 fluorescent pseudomonads isolated from the phyllosphere of sugar beet throughout a single growing season and shown to be closely related on the basis of fatty acid methyl ester (FAME) analysis was subjected to detailed phenotypic and genotypic characterization. Phenotypic traits were assessed on the basis of biochemical properties, assimilation of sole carbon sources, FAME analysis, organic pyrolysate content (MS-pyrolysis), and total cellular protein profiles. With the exception of total cellular protein profiles, numerical analysis of the data revealed two main clusters, each of which was divided into several subclusters. Numerical analysis of total cellular protein data failed to differentiate isolates into two main clusters, but nevertheless grouped isolates into six subclusters. On the basis of biochemical and carbon source assimilation profiles, 19 isolates were identified as Pseudomonas fluorescens biovar v8 eight isolates as P. fluorescens biovar 111 and three isolates as P. syringae pathovar syringae. In general, all methods of phenotypic analysis grouped isolates according to time of sampling and leaf type. Genome analysis was undertaken by pulsed-f ield gel electrophoresis (PFGE) of Pad, Spel, Swal and Xbal macrorestriction fragments and revealed the presence of eight distinct genomic (clonal) groups. These groups correlated closely with the clusters generated by numerical analysis of phenotypic data, but there was no correlation between macrorestriction fragment profile and isolate identification; in fact the variation in macrorestriction fragment patterns within P. fluorescens biovars was as great as the variation detected between biovars, and between P. fluorescens and P. syringae. Statistical evaluation of macrorestriction fragment patterns revealed two examples of recent strain divergence: one was due to the presence of a 400 kbp plasmid within one isolate of a collection of nine otherwise genomically identical isolates, and the other was observed between two phenotypically similar isolates sampled 220 d apart. Genetic variation was expressed in terms of nucleotide diversity (z) and pairwise comparisons yielded values ranging from 0.0029 to 0-1 51 7. The mean intrapopulation genetic variation was high (0*0993), but limited genetic variation was detected among isolates sampled on each occasion. Taken together this suggests a population comprised of a variety of apparently distantly related clones (genomic groups), each adapted to local conditions. Genome sizes were estimated from the sum of Spel restriction fragments and ranged from 4 2 to 5.5 Mbp. Examination of the distribution of Xbal, Spel, Swal and Pacl restriction endonuclease sites showed that the distribution of Spel sites differed significantly from the expected (random) distribution. O'Gara, 1992) . In addition, and as a result of the ease wii h which pseudomonads can be genetically manipulated, such strains are potential hosts for foreign genes targeted at the phyllosphere. However, before embarking upcn biocontrol projects involving environmental release an understanding of the structure and diversity of the fluorescent pseudomonad population is essential. 1 n particular, it is necessary to determine whether the apparent adaptability inherent within this species is the result of marked phenotypic plasticity or genetic diversitv, or a combination of both.
A sample of 30 fluorescent pseudomonads isolated from the phyllosphere of sugar beet throughout a single growing season and shown to be closely related on the basis of fatty acid methyl ester (FAME) analysis was subjected to detailed phenotypic and genotypic characterization. Phenotypic traits were assessed on the basis of biochemical properties, assimilation of sole carbon sources, FAME analysis, organic pyrolysate content (MS-pyrolysis), and total cellular protein profiles. With the exception of total cellular protein profiles, numerical analysis of the data revealed two main clusters, each of which was divided into several subclusters. Numerical analysis of total cellular protein data failed to differentiate isolates into two main clusters, but nevertheless grouped isolates into six subclusters. On the basis of biochemical and carbon source assimilation profiles, 19 isolates were identified as Pseudomonas fluorescens biovar v8 eight isolates as P. fluorescens biovar 111 and three isolates as P. syringae pathovar syringae. In general, all methods of phenotypic analysis grouped isolates according to time of sampling and leaf type. Genome analysis was undertaken by pulsed-f ield gel electrophoresis (PFGE) of Pad, Spel, Swal and Xbal macrorestriction fragments and revealed the presence of eight distinct genomic (clonal) groups. These groups correlated closely with the clusters generated by numerical analysis of phenotypic data, but there was no correlation between macrorestriction fragment profile and isolate identification; in fact the variation in macrorestriction fragment patterns within P. fluorescens biovars was as great as the variation detected between biovars, and between P. fluorescens and P. syringae. Statistical evaluation of macrorestriction fragment patterns revealed two examples of recent strain divergence: one was due to the presence of a 400 kbp plasmid within one isolate of a collection of nine otherwise genomically identical isolates, and the other was observed between two phenotypically similar isolates sampled 220 d apart. Genetic variation was expressed in terms of nucleotide diversity Thompson e t al., 1993a) , roots, and in the soil immediately adjacent to the root w h x e microbial activity is affected by the plant (the rhizosphere; O'Sullivan & O'Gara, 1992). The intimate nature of i:he association between pseudomonad and plant is such that bacterial activity can markedly affect plant growth. Cert.iin pseudomonads, including Psezldomonas gringae and P. viridzjava, can cause disease (Palleroni, 1984) , while othr rs, such as isolates of P. Jzlorescens and P. putida, can promote plant growth (O'Sullivan & O'Gara, 1992) . The majority of phyllosphere-inhabiting fluorescent pseudomon:ids have no apparent effect on plant growth, but nevertheless represent important components of the leaf community (Austin e t a /., 1978; Ercolani, 1978;  Van Outryve e t d.,
1989).
Fluorescent pseudomonads represent the largest group of bacteria inhabiting the phyllosphere of field-grown sugar beet. A recent survey based on fatty acid methyl esi:er (FAME) analysis showed that P. aureofaciens ( P . chlororaphis) was the most frequently isolated species and, significantly, it was the only species isolated on every sampling occasion throughout the season (Thompson et a/., 1993a) . On one particular occasion P. aureofacic?ns represented up to 83% of the identified bacterial coinmunity (Thompson e t al., 1993a) . The persistence of P.
azrreofaciens and other closely related fluorescent pseudomonads within the phyllosphere is of interest because of the adaptive traits necessary for survival in the face of frequent and often extreme alterations in temperature, moisture content, UV-irradiation and nutrient status (Dickinson, 1986 ). The precise nature of these traits and adaptive strategies which enhance survival of bacteria in environments subject to frequent and unpredictatlle change are of considerable interest (Lindow, 1993 ; Rainey e t al., 1993a; Moxon e t al., 1994) .
The persistence of fluorescent pseudomonads in the phyllosphere renders them suitable and desirable cantlidates for biocontrol programmes targeted at agricultui a1 crops. Phyllosphere-adapted saprophytes may provide plant protection by excluding pathogens from the plant environment ; a direct result of their ability to rapidly arid aggressively colonize available niches (Wilson & Lindow, 1993) . They may also exclude pathogens by the production of antimicrobial compounds (O'Sullivan (SC O'Gara, 1992) . In addition, and as a result of the ease wii h which pseudomonads can be genetically manipulated, such strains are potential hosts for foreign genes targeted at the phyllosphere. However, before embarking upcn biocontrol projects involving environmental release an understanding of the structure and diversity of the fluorescent pseudomonad population is essential. 1 n particular, it is necessary to determine whether the apparent adaptability inherent within this species is the result of marked phenotypic plasticity or genetic diversitv, or a combination of both.
Studies on the P. gringae pv. savastanoi population of olix e leaves showed that specific phenotypes were found on different sampling occasions, suggesting that long-term survival is dependent upon phenotypic heterogeneity (Ercolani, 1983 (Ercolani, , 1985 ; the extent of genotypic diversity among these isolates was not investigated. Population genetic studies based on allozyme analysis indicate that genetic diversity is correlated with habitat variability (see for example, Denny e t al., 1988; McArthur e t al., l988) , but whether this is true for all phyllosphere inhabitants remains to be determined.
We have attempted in this study to examine the degree of phenotypic and genotypic diversity within a selection of closely related isolates sampled from one field during the course of a single season. During the 1990 field season, 150 randomly selected bacteria were isolated from three leaf types (immature, mature and senescent) on each of seven sampling occasions and subjected to FAME analysis. Cluster analysis of FAME profiles revealed many different taxonomic groups (Thompson et a/., 1993a) one of which, the so-named P. aureofaciens cluster, formed the basis of this study.
METHODS
Isolation of bacteria. Leaf samples were taken from a sugar beet field (Beta vulgaris, var. Amethyst) contained in a 15 m x 15 m plot at the University Field Station, Wytham, Oxford, UK. Bacteria were sampled on seven different occasions throughout the 1990 growing season: 5 2 d (June), 7 9 d (July), 114d (August), 148 d (September), 183 d (November), 220 d (December) and 272 d (January) after sowing. Methods of sampling have been described in detail (Thompson et al., 1993a) . Briefly, bacteria were isolated from three replicate samples, each of which was divided into three leaf types (immature, mature, and senescent) and each of which represented a pool of leaves collected from three randomly selected plants (plants sampled on day 52 were too young to be differentiated on the basis of leaf type). Each strain was assigned an isolate number which also indicated the replicate from which it was isolated : isolates 1-50 were isolated from replicate one, isolates 51-100 were isolated from replicate two and isolates 101-150 were isolated from replicate three. The only exception to this scheme were samples collected on day 79, when 60 isolates were taken from replicate three (isolates 101-160). Each isolate number was prefixed by a sample number indicating the day of isolation, for example, 148/128 was isolated on day 148 from replicate three; similarly, strain 52/76 was isolated on day 52 from replicate two. Of the bacteria identified on each sampling occasion, only those identified in the first instance on the basis of FAME profile as P.
aureofaciens were selected for further study (122 isolates). Of these, a random sample of 30 isolates was chosen for detailed analysis. Once isolated, all cultures were stored at -80 O C and analysed together at the completion of sampling.
Isolation media, culture and storage conditions were as described previously (Thompson et al., 1993a Diversity of pseudomonads from sugar beet The ability of isolates to assimilate a range of sole carbon sources \\\'AS assessed by the auxanographic API system containing 40 sugars (API5OCH), 49 amino compounds (API50AA) and 49 orqanic acids (API50AO). Isolates were grown overnight on Tryptic Soy Broth (TSB) agar a t 28 "C and a suspension of cells (0.04 g wet weight in 60 ml assimilation medium APIl50LR,l) was used to inoculate each cupule. Strips were incubated at 20 "C and growth was recorded (slight, moderate or strong) after 1, 2, 4, 8 and 16 d.
The abilit\ to assimilate each carbon source was treated as a separate tinit character. Codes from 0 (negative) to 10 (strongly positive ifter 1 d incubation), corresponding to the rate and strength o f growth, were assigned to each isolate. These data were then subjected to numerical analysis. Similarities between isolates u.ere calculated with the generalized similarity coefficient .mci the coefficient based on the Euclidean distance between pairs of isolates. This was achieved using UNISTAT software IL'NISTAT, Highgate, London, UIC) and isolates were clustered using the unweighted pair group method with arithmetic averages (UPGMA) (Sneath & Sokal, 1973) .
Cellular fatty acid analysis.
Isolates for FAME analysis were cultured o n TSB agar plates. Cells were harvested after 24 h incubation at 28 "C and whole-cell fatty acids were saponified, methylateci and extracted as described by Miller & Berger (1985) . F ITLIE analysis was performed using a Hewlett-Packard model 5890 series I1 gas chromatograph. All analyses were conducted in triplicate and the mean FAME profiles were used to gener'ite a unique library for each isolate. Fatty acid peaks were named by the Microbial Identification System (MIS) software (Microbial ID, Newark, D E , USA) and isolates identified using the MIS ' Aerobe Library'. Initially all isolates were identified using ' Aerobe Library ' version 3.30 (October 1990 upd,ite) and subsequently using version 3.50 (October 1991 update) . Quantitative data obtained from FAME analysis were sutqected to numerical analysis as described previously (Thompon et al., 1993b) . Similarities between isolates were calculated using the generalized similarity coefficient of Gower (Gower, 1066) and the coefficient based on the Euclidean distance hetween pairs of isolates (Bse & Gjerde, 1980) . Isolate clusterinq was accomplished using the UPGMA.
Pyrolysis mass spectrometry. The organic pyrolysate contents from triplicate overnight cultures of isolates grown on TSB agar at 28 "C were analysed using a Horizon Instruments PYMS 200X p>rolysis mass spectrometer, as described by Orr et al. (1991) . hlS-pyrolysis data were subjected to principal component and canonical variate analysis using GENSTAT (Goodacre & Berkely, 1990) . Data were transformed to a percentage similarity matrix using Gower's similarity coefficient and isolates were clustered using the UPGMA.
Total cellular protein content. Total cellular protein was prepared from 0.5 ml cells removed from an overnight Luria broth (LB) culture using the method of Xu & Gross (1988) as modified by Rainey e t al. (1993b) . Proteins were separated on both 6 % and 10 YO (w/v) polyacrylamide gels containing 0.1 YO sodium dodecyl sulphate (SDS-PAGE) and stained with Coomassie Brilliant Blue (Laemmli, 1970) . Gels were photographed and digitized using a Summa graphics tablet interfaced with Molmatch software (UV Products, Cambridge, UIi). Only proteins resolved on 6 % gels were used in subsequent analysis and a measure of similarity between lanes was obtained using the Dice coefficient, S, (see below). Isolates were clustered using the UPGMA.
Pulsed-field gel electrophoresis
DNA preparation. Unsheared D N A was prepared by embedding whole cells in chromosomal-grade agarose blocks followed by lysis with detergent and proteinase I< (Rainey etal., 1993b) . One volume of cells grown overnight in LB was harvested, washed twice in NET-100 buffer [O-1 M NaC1, 0.1 M EDTA, 0.01 M Tris/HCl (pH 8*0)], then mixed with an equal volume of molten 0.9 YO chromosomal-grade agarose (in NET-100) and dispensed into moulds. Cells were lysed by immersing the agarose blocks in lysis solution I [6 mM Tris/HCl (pH 7*6), 1 M NaCl, 100 mM EDTA (pH 8*0), 0.5% sarkosyl, 1 mg lysozyme ml-'1 for 24 h at 37 "C. Lysis solution I was then replaced with solution I1 [0*5 M EDTA (pH 9.0), 1 YO sarkosyl, 1.5 mg proteinase K ml-'1 and incubation continued for a further 48 h at 50 "C.
Restriction endonuclease digestion. Restriction endonuclease digestions were conducted as described by Suwanto & ICaplan (1 989), following PMSF treatment. Restriction endonuclease digestions were performed in 1 x KGB buffer (McClelland et al., 1988 ) using 8 U enzyme. Reactions containing PacI were incubated at 25 "C for 6 h ; reactions containing XbaI, SpeI and SwaI were also incubated for 6 h, but at 37 "C.
Pulsed-field gel electrophoresis. D N A inserts containing approximately 2 pg D N A were loaded into 0-5 x TBE-buffered gels. Gels were run in a CHEF DRII pulsed-field electrophoresis system (Bio-Rad) containing 0.5 x TBE buffer at 200 V and stained in ethidium bromide (0.5 mg ml-') for 30 min. Fragment 
Growth in API 50 AA on: 
alaninr, ~~-4-aminobutyrate, sarcosine, ethanolamine, diaminobutane, glucosamine, glycerol, ribose, galactose, glucose, fructose, mannose, mannirol, A'-acetylglucosamine, sucrose, trehalose, u-arabitol, gluconate, 2-ketogluconate.
Compounds not utilized as sole carbon sources by any isolates : oxalate, adipate, pimelate, suberate, azelate, glycolate, itaconate, 2-hydror\.lienzoate, 3-aminobenzoate, 5-aminobenzoate, urea, ethylamine, butylamine, benzylamine, L-xylose, dulcitol, methyl-u-mannose, salicin, lactose, melezitose, glycogen. sizes 1c.et-e estimated by comparison with comigrating ladders of Criteria for evaluating gels were as described by Grothues & lambth DNA concatemers (Bio-Rad) and EcoRI/HindIIITummler (1991); a minimum of two gels were run per enzyme digested lambda DNA ; Saccharomyes cerevisiae chromosomes digest to ensure optimal resolution of all fragments. (Bio-Had) were also used as molecular mass standards.
Relatedness of isolates was determined by conducting comEvaluation of PFGE gels. Enlarged prints of gels were digitized prehensive pair-wise comparisons of macrorestriction fragment using a Summagraphics data tablet and fragment sizes desizes using the Dice coefficient, S , , which is defined as the ratio termined using Molmatch computer software (UV Products).
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profiles to the total number of macrorestriction fragment$ in each restriction profile (Nei & Li, 1979) .
where TI, and m B are the number of fragments in patterns X 2nd R, respectively, and IZ, is the number of common bands. For each pair of isolates S,) values were determined from the numbe-of common bands and total number of bands generated by all f-)ur enzymes. The statistical significance of pair-wise comparisl )ns was evaluated using equation 13 of Grothues & Tumniler (1991), which indicates the confidence interval for the statistical CI priori similarity of macrorestriction fragment profiles :
u here K indicates the number of restriction profiles generated bv K independent enzyme digestions, I is the number of intervals into which the range of restriction fragments is divided arid t is the value of Student's t-distribution (see Grothues & Tummler, 1991 greater than the upper value of the 9 5 % confidence interval, then the isolates compared probably share a common ancestor (and may be assigned to the same biovar). If the J' , value w;is less than the lower value of the 95 "/i confidence interval, then the isolates compared probably d o not belong to the san-e tasospecies (Grothues & Tummler, 1991).
Genetic variation as determined by macrorestriction fragment analysis was also expressed in terms of nucleotide diversity (n ), where the average number of nucleotide differences between isolates was calculated using the equation
where r is the number of nucleotide base pairs in the restriction endonuclease recognition site (Nei & Li, 1979) .
RESULTS

Biochemical and carbon source utilization characteristics
Results from the standardized micromethod AP120NEj tests showed that all isolates were positive for catalast production and assimilation of arabinose, caprate, citrate. gluconate, glucose, malate, mannitol, mannose and AT- Diversity of pseudomonads from sugar beet aminobutyrate, laevulinate, mesaconate, spermine, mesotartrate 2nd terephalate ( Table 2) .
Comparison of the carbon source assimilation profiles with the diagnostic tables provided by Palleroni (1984) confirmed the previously assigned species designations, but also enabled identification of isolates to biovar/ pathoyfir level, Of the 84 variable characteristics listed in Table 4 .9 by Palleroni (1984) , 64 were included amongst the auxanographic tests. Isolates in cluster A bore greatest similarity to biovar V of P.fuorescens; isolates in subcluster A1 differed in their ability to assimilate acetimide, Dalaninc. ,md citraconate, and isolates in subclusters A2 and A3 differed in their ability to assimilate D-alanine and Ltartrate. Isolates in subclusters B1 and B2 bore greatest similarity to biovar I11 of P. Juorescens and differed only in their ability to assimilate sucrose.
Isolates in subcluster B4 bore greatest similarity to P. y i n g u r and were distinguished from P. viridzfuva primarily on the basis of raffinose and D-tartrate assimilation; however, the ability of these isolates to assimilate Lleucine, L-tryptophan and L-tyrosine rendered them slightly atypical (Palleroni, 1984) . From a total of 28 nutritional characteristics listed in Table 4 .13 by Palleroni (1 984) for differentiating P. yringae pathovars, P. viridzyava and P. cichorii, 19 were included in the current study. The assimilation pattern of isolates in subcluster B4 bore greatest similarity to P. yringae pv. yringae, with the only difference residing in the ability to assimilate propionate.
Carbon source assimilation data also indicated that the original species designation of P. aureofaciens, given bv the MIDI library (version 3.30, Oct. l990), was incorrect. All isolates differed from P. azlreofaciens on the basis of Dalanine, citraconate, glycine, D-malate, phenylacetate, trigonelline and D-xylose assimilation ; furthermore, no isolate secreted the distinctive orange phenazine pigment typical of P. aureofaciens (Palleroni, 1984; Johnson & Palleroni, 1989) .
Cellular fatty acid analysis
Under standardized growth conditions all isolates displayed qualitatively similar FAME profiles. T w o fatty acids, cis-9 hexadecenoic (C16: cis) acid and hexadecanoic (C,,:o) Results from triplicate fatty acid determinations were h t g h 1 y rep r od u ci ble , both q uan t i t a t iv e 1 y and qua li t a t i v e 1 y . ;he remainder were identified as P. azlreufaciens (with similarity indices ranging from 0.83 to 0*94), although in terms of general phenotypic properties these isolates bore closer resemblance to P. jaore.rcens (see above).
Numerical analysis revealed two main clusters (A and B) (Fig. 2) which were identical in composition to clusters A and B obtained on the basis of sole carbon source assimilation data (Fig. l) Fatty acids which most distinguished isolates in cluster X from those in cluster B were C,,: and C,,: 2 0 H . In most cases the differences in individual fatty acid contents o f isolates from adjacent subclusters were small (ratio < 0.5), but when these differences were combined, good separation between subclusters was achieved.
Pyrolysis mass spectrometry
Numerical analysis of the MS-pyrolysis data (Fig. 3) revealed a relationship between isolates similar to that indicated by numerical analysis of carbon source assimilation data and FAME data (Figs 1 and 2 ). hfSpyrolysis delineated isolates into two clusters (A and B) and these were identical in composition to the clusters based upon carbon source assimilation and FAME analysis. 
-
Total soluble protein content
One-dimensional SDS-PAGE of whole-cell protein extracts from the 30 isolates on 6 % polyacrylamide gels generated between 36 and 46 bands which ranged in size from approximately 400 kDa to 40 kDa (bands smaller than 40 LDa were not used in the analysis). Duplicate gels with the same molecular mass markers yielded the same size bands ( & 2 Yo), indicating the reproducibility of the method.
Numeric'il analysis revealed six clusters at the 90 % level of similarity (Fig. 4) Fig. 1 .
Fig. 4. Dendrogram representing the relationship between 30 fluorescent Pseudomonas isolates based on total cellular proteins resolved by 6 % SDS-PAGE. The origin of isolates is indicated as in
profiles. Isolates 114/60, 114/82 and 114/147 possessed identical profiles to the other isolates sampled on day 114, but isolates 114/60 and 114/82 possessed one extra band and isolate 114/147 lacked five high molecular mass bands (Fig. 5) . The high molecular mass protein bands were especially useful for discriminating between isolates.
Quantitative evaluation of macrorestriction patterns
Four rare-cutting restriction endonucleases, PacI (5'-TT/AATTAA), SpeI (5'-A/CTAGT), SwaI (5'-ATTT/AAAT) and XbaI (5'-T/CTAGA), were used to cleave the G + C-rich Psezldomonas genome and yielded between 8 and 11 ; 32 and 47; 12 and 17; and 39 and 57 fragments, respectively (exclusive of doublets/triplets). The value of the extremely rare-cutting enzymes, PacI and SwaI, was limited because of the small number of bands.
Nevertheless, while S , values for PacI and JwaI were lower than for XbaI and SpeI, the effect of these enzymes on clustering and subsequent statistical analysis was negligible. It is important to recognize the effect that different enzymes have on the analysis of macrorestriction fragments (Giovannetti e t d., 1990) . The most useful data were obtained from XbaI and JpeI, which generated approximately 35 and 45 bands, respectively, and almost all bands were clearly resolved by PFGE. Enzymes which cleaved either more, o r less, frequently resulted in either an overestimate, or underestimate, respectively, of the degree of similarity. PFGE revealed the presence of eight distinct genonic (clonal) groups designated I, 11, 111, IIIP, IV, V, VI, .and VII (Fig. 6, Table 3) , and in general, isolates sampled on the same day, from identical leaf types, were member,< of enzyme\ was plotted alongside the theoretical distribution of fragments calculated using the distribution function
where, .issuming a random distribution of enzyme recognition sites, p is the reciprocal of the mean fragment length, I
and x is fragment size (Grothues & Tummler, 1991). l'he result of this analysis is shown in Fig. 7 for SpeI, which was the only enzyme that yielded a distribution of fragments which differed significantly from the expected distribution; ~2 , s o l ( P < 0.01). Deviations were apparent throughout the entire range, but maxima
were detectable approximately every 20-30 k bp.
Similarity of fragment patterns. Similarity of fragment patterns was determined by pair-wise comparisons and quantified using the Dice coefficient ( (1979) was used to express the data in terms of nucleotide diversity (Table 4) . Confidence intervals for the statistical I  I1  I11  IIIP  IV  V  VI correspondence of each pair of patterns were calculated as described above and used as a means of discriminating between isolates.
A marked degree of heterogeneity was observed amon,ost niacrorestriction profiles ; however, J' , values for all pairwise comparisons resided within the 95 % confidence interval, indicating that all isolates are members of 1-he same taxospecies (Grothues & Tummler, 1991) . Only two pairs of macrorestriction profiles were found to be significantly more related than expected by chance. Isolate 114/60 was closely related to isolate 114/80 and the other day 114 isolates belonging to genomic group I11 ( P < 0-OOl), and two isolates sampled 220 d apart, 52/76 and 272/48, shared more than 60% similarity and were also significantly more related than expected by chance ( P < ? O*OOl).
Numerical analysis was used to group the isolates according to the percentage similarity of macrorestriction fragments as determined using S , . Groups were clustered using the UPGMA linkage method (Sneath & Sokal, 1973) and the dendrogram shown in Fig. 8 revealed six clusters at, or below, the 60 YO level of similarity. With the exception of isolates 52/76 and 272/48 in cluster A, and isolate 183/145 in cluster C, all isolates grouped according to sampling occasion.
No correlation was observed between macrorestriction fragment clusters and the clusters resulting from phenotypic analysis. In fact the diversity in macrorestriction fragment profiles was high, both within and between both biovars and species -there was as much variation in macrorestriction fragment profiles among P. flnorescens biovar V isolates as there was between P. flflorescens biovar I11 and P. flnorescens biovar V isolates (and indeed the variation within either P. flnorescens biovar I11 or V was as great as that detected between P.flnorescens and P. yingae).
DISCUSSION
Analysis of both phenotype and genotype has provided a unique perspective on a subgroup of the phyllosphereinhabiting fluorescent Psendomonas population. Our initial aim was to investigate the extent of phenotypic and genotypic diversity within a sample of bacteria from the phyllosphere of sugar beet which FAME analysis had indicated were closely related. Extensive assessment of phenotypic properties using auxanographic tests, FAME analysis, MS-pyrolysis and total cellular protein profiles confirmed the relatedness of these bacteria, but also revealed internal groupings. In particular, auxanographic tests, cellular fatty acid analysis and MS-pyrolysis showed a division between isolates sampled on sampling days 1 14, 148 and 183 (cluster A), and those isolated on sampling days 52,79 and 272 (cluster B). Interestingly, all isolates in cluster A were isolated during the hottest part of the season (sampling days 114, 148 and 183) and produced Diversity of pseudomonads from sugar beet copious amounts of exopolysaccharide. Exopolysaccharide production may confer a selective advantage upon phyllosphere bacteria inhabiting leaf surfaces during mid-summer by increasing their resistance to desiccation (Morgan & Beckwith, 1939 ; Davenport, 1980 ; Robertson & Firestone, 1992) .
In general there was a good correlation between subclusccrs and isolate origin (day of isolation and leaf type). Fatt\ acid analysis showed a propensity to cluster isolates on the basis of leaf type, whereas auxanographic tests resulted in clustering of isolates according to day of sampling. MS-pyrolysis clustered some isolates according to leaf type, for example isolates sampled from immature leales on days 148 and 183, but also clustered some isolates according to day of isolation. A correlation between phenotype and habitat or sampling occasion has been observed in other bacterial species, Fatty acid analysis showed that Xanthomonas maltophilia isolates sampled early in the season were phenotypically distinct from those sampled later in the season (Thompson e t al., 1903b) . Similarly, numerical analysis of phenotypic ch,iracteristics of P. s. savastanoi isolates sampled from olive leaves throughout a season showed that isolates clustered according to their origins (Ercolani, 1983 (Ercolani, ,1991 biochemical and carbon source utilization data. The ability of FAME analysis to differentiate phenotypically similar organisms is impressive, but doubt is cast, at least in some instances, on the validity of the identifications given by the MIS library. The difficulties associated with isolate identification may also reflect the complexity of Pseudomonas taxonomy (Palleroni, 1984) .
The assignment of isolates to clusters/subclusters on the basis of phenotypic characters was largely supported by the results of the genomic analysis, although with the exception of total soluble protein analysis, members of a genomic group were not always clustered. For example, on the basis of carbon source assimilation data, isolates 183/116,114/95 and 79/123 did not cluster with members of their respective genomic group. In each instance, the failure to cluster all members of a genomic group was attributable to small, but cumulative differences in the rate of assimilation of carbon sources, rather than to genuine differences in the ability of particular isolates to assimilate particular carbon sources. This result therefore reflects the subjective scoring of these data and was exacerbated by the fact that the isolates within both clusters A and B shared marked phenotypic similarity and thus small differences in assimilation rates had a significant effect on clustering.
Error inherent within the FAME and MS-pyrolysis analytical methods, combined with the very high level of -phenotypic similarity between isolates, may also have :iccounted for the lack of exact correlation between phenotypic clusters and genomic groups. However, the high correlation between habitat (leaf type) and FAME cluster suggests the possibility that some of these differences may be genuine. (Rainey e t al., 1994) .
Variation in macrorestriction fragment profiles among the eight genomic groups was unexpectedly pronounced given the high degree of phenotypic similarity among the 30 isolates. While no two macrorestriction fragment profiles were less related than expected by chance (and therefore all isolates could be assigned to the same taxospecies), the highly divergent profiles raise questions relating to Pseudomonas taxonomy, the extent of genomic diversity within the Pseudomonas population, and the nature of the evolutionary forces operating to generate and maintain this diversity.
The so-called fluorescent pseudomonads are a notoriously complex and diverse group of bacteria and with the notable exception of P . aeruginosa, are highly heterogeneous (Palleroni, 1986) . Recent studies using nucleic acids (Palleroni e t al., 1972 (Palleroni e t al., , 1973 Johnson & Palleroni, 1989) have enabled subdivision of the genus into five rRNA homology groups (Palleroni, 1984) and sequence analysis of the 16s rRNA molecule (Woese, 1987) has provided a clear framework for the systematic grouping of the five rRNA homology groups. Significant homogeneity exists within each rRNA group (Palleroni e t al., 1973) , but DNA-DNA hybridization studies have revealed marked heterogeneity among the species within each rRNA group (Johnson & Palleroni, 1989 al., 1988) ; similarly, high diversity was detected within the P. s. gringae population -a plant pathogen with a broad host range (Denny e t al., 1988) . Substantial genetic variation was also detected within a population of Deinococcus radiopugans isolated from soil (Masters e t a/., 1991), Rhixobium leguminosarum biovar phaseoli isolated both from individual host plants in Mexico (Souza e t al., 1992) and from host plants isolated throughout the Americas (Pifiero e t al., 1988) , Bacil/zu Diversity of pseudomonads from sugar beet szlbtilis collected from the desert (Istock e t a/., 1992), Jantbinoblil-ferizlm lividam from streams (Saeger & Hale, 1993) , X'rntllomonas oryxae from plant surfaces (Leach e t al., 1992) and Erwinia chr_ysantbemi isolated from a variety of different plant species taken from different geographical locations (Roccara e t a/., 1991). This contrasts markedly with thc low genetic diversity often found within pathogen populations where, as a consequence of host o r strain specificity, the pathogen occupies a narrow ecological niche. Analysis of the population structure of the highly specialized potato pathogen Clavibacter micbiganense subsp. sepidonicns showed limited genetic diversity and an essential1 y clonal population structure (Mogen e t al., l990) , similarly, the P. s. tomato population was also shown t o be genetically homogeneous (Denny e t al., 1988) . Genetic diversity within populations of Rhixobizlm legzlminoslirum biovar trzfolii is also reported to be limited (Harrison rf dl., 1989) .
Saprophi tic epiphytes are unlikely to exhibit narrow host specificities, and given the genetic diversity of the sugar beet population and the diversity of leaf types and niches within lea\-es, it would be reasonable to expect the populati ( m of phyllosp here-in ha bi ting pseudomonads to be genet ically diverse. Such an expectation is consistent with our experimental results. A genetially diverse population would have a greater potential for adaptation to environmental change (Ayala, 1982) and this is likely to be an cssential requirement for survival on the leaf surface. F'hile the sample size of the study population is too small t o enable firm conclusions to be drawn about the fluorescent Psezldomonas population structure, the high intrapopulation genetic diversity combined with limited diversit! per sampling occasion suggests a population which i\ comprised of a variety of apparently distantly related clones (genomic groups), each adapted to local conditions. Periods of intense selection could result in both the extinction of poorly adapted clonal lines and rapid proliferation of genotypes suited to the local conditions. The rate of turnover of clones (genomic groups) is unknown, but would appear to be less than 28 d, because in only one instance was an isolate from the same genomic group found on a later sampling occasion (genomic group IV contained isolates sampled on day 148 and day 183). The extent of the distribution of individual clones t hroughout the crop on each sampling occasion cannot he accurately determined given the sampling regime, nevertheless, on two instances isolates from the same genomic group were isolated from different replicate samples :md from different leaf types, demonstrating that isolates o f genomic groups I1 and 111 were present on at least t u o spatially isolated plants (within a field) and on more than a single leaf type. In fact further analysis of the 1990 field season data (Thompson eta/., 1993a) in light of the current study revealed that on day 114 the total Psezldomonas population on mature leaves (42 YO of the total bacterial population; 1.6 x lo6 c.f.u. per unit) was compri Yed entirely of genomic group 111 (or HIP) isolates. Similarly, of the total Psezldomonas population on immature leaves o n sampling day 114,69 YO (5.3 x lo' c.f.u. per unit) belongcd to genomic group 111 (or IIIP).
The highly divergent macrorestriction fragment profiles of the different genomic groups suggest limited intergenomic recombination within the population, but this may merely reflect the small sample size. The potential for recombination to occur in the sugar beet phyllosphere has been demonstrated both by in sitzl transfer of indigenous plasmids to selectable host isolates (Lilley e t al., 1994; J. Bailey unpublished data) and by the presence of a plasmid in isolate 114/60. Recombination may also have been responsible for the significant similarity between isolates 52/76 and 272/48, although the extraordinary similarity in protein profiles, combined with the fact that the chromosomes of the two isolates are of the same size, suggests the possibility that the diversity may have been generated by intragenomic recombination events.
This study has revealed the need to greatly improve our understanding of the population structure of fluorescent pseudomonads in the natural environment. Understanding the structure of a saprophytic Psezldomonas population is of prime importance for work concerned with the efficacy and safety of genetically modified bacteria intended for environmental release (Lenski, 1993) , and will be invaluable in the continuing debate on the genetic structure of bacterial populations (Maynard Smith e t d., 1993). In addition, such studies will facilitate the development of integrated strategies for biotechnology where isolates can be selected on the basis o f phenotype and genotype and with a knowledge of how these factors influence each other and interact with the environment.
